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PREFACE

This report is published to provide coastal engineers with the
results of a project to develop a radar device that will automatically
collec t wave direction information at coastal sites. The work was
carr ied out under the coas tal hydraulics research program of the U.S.
Army Coas tal Engineering Research Center (CERC).

This report was prepared by Mr. Michael 6. Mattie , Physicist, and
Dr. D. Lee Harris , Chief, Coastal Oceanography Branch, CERC.

The development of the CERC radar system was accomplished through
the advice and support of many people and several organizations. Par-
ticular recognition is given to CWO L. Brown of the U.S. Coast Guard
Research and Development Center; C. McKinney , Pac ific Miss i le Test
Center, who assembled the CERC system; C. Gable who monitored the radar
system assembly; and J. Dayton who provided photographic services.
Thanks are also extended to Dr. 0. Shemdin of the Jet Propulsion
Laboratory for providing the West Coast Experiment data.

Comments on this publication are invited.

Approved for publication in accordance with Public Law 166, 79th
Congress , approved 31 July 1945, as s upplemented by Public Law 172,
88th Congress , approved 7 November 1963.
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Colonel , Corps of Engineers
Commander and Director
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CONVERSION FACTORS , U.S. CUSTOMARY TO METRIC (S)
UN ITS OF MEASUREMENT

U.S. customary units of measurement used in this report can be converted
to metric (SI) units as follows:

Mul tiply by To obtain

inches 25.4 mill imeters
2.54 centimeters

square inches 6.452 square centimeters
cubic inches 16.39 cubic centimeters

feet 30.48 centimeters
0.3048 meters

square feet 0.0929 square meters
cubic feet 0.0283 cubic meters

yards 0.9144 meters
square yards 0.836 square meters
cubic yards 0.7646 cubic meters

miles 1.6093 kilometers
squar~ miles 259.0 hectares

knots 1.852 kilometers per hour

acres 0. 4047 hectares

foot-pounds 1.3558 newton meters

millibars 1.0197 x lO~~ kilograms per square centimeter

ounces 28.35 grams

pounds 453.6 grams
0.4536 kilogram s

ton , long 1.0160 metric tons

ton , short 0.9072 metric tons

degrees (angle) 0,01745 radians

Fahrenheit degrees 5/9 Celsius degrees or Kelvins ’

110 obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use formula: C = (5/9) (F -32).

To obtain Kelvin (K) readings , use formula: K = (5/9) (F -32) + 273.15.

_ _ _ _ _ _  -
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I I .  A 51NI t M  R)R RE c ORDINI ;  It A VE DIREC1I ()N BY RAD AR

1he CERC rada r ‘.vstem ha s been assembled to automatica lly obtain wave
images , and i n c l u d e s  a Raytheon  102 0/ 9X R M a r i n e r s  P a t h f i n d e r  X -ban d radar
mounted in a van to  prov ide  m o b i l i t y .  A r o t a t i n g  a n t e n n a  is  mounted  on
the roof of the van (Fi g. 3), or on a 2-meter (6.56 feet) mast at the end
of the t r a i l e r  for  a d d i t i o n a l  e l e v a t i o n . This  rada r has a p u l s e  width of
0.05 m ic rosecond  (50 nanoseconds ) w i t h  a range resolut i on of 10 to 20
m e t er s  (3 1 .8  to  65.6 f e e t ) .  The I .  74 -me te r  (9 f e e t )  s l o t t e d - a r r a y  an-
t en na g i v e s a hor i zon ta l  beam w i d t h  of 0 .9 ° at 3 d e c i b e l s  and has a ro-
tat ion rate of 33 revo l u t i ons  per m i n u t e .  Pu lses  of ’ e lect romagne t i c
o 1 m e r ~~y with a nominal wavelength of 3 cen t ime te r s  (nomina l  f requency
Iil ~~ h e r t z )  a re beamed ove r the wa te r .  A part  of t h i s  energy is  scat-
t e r ed  back to the  an tenna  by a process exp la ined  in Section IV.  The
back-scattered energy is d isplayed on a 10- inch-diameter  ca thode - ray
t ube (CRT) called a “plan position indicator ” (PPI) in the form of li ght
and da rk  p a tch es  w h i c h  p a r a l l e l  the  wave c res ts .  Data  are r ecorded by
photograp hi ng the  CR1’ us ing  a Bolex 1 6 - m i l l i m e t e r  11-16 r e f l e x  camera.
Ih e  ITt  and came ra are shown in Fi gure 4.

A CR’r w i th  a fast-decay phosphor is used . The standard CRT uses a
med iu m- to s low-decay  phosphor wh ich  re ta ins  the target  for easy v i e w i n g .
The fas t phosp hor  is used for dat a c o l l e c t i o n  to  o b t a i n  sharp images w i t h
the time-lapse photograp hy.

To adj ust the radar to obtain wave images , the si gnal gain is in-
creased for the weak sea clutter return to appear on the CRT . The scope
intensity is kep t low so the CRT is not saturated. Rain clutter and sea
clutter controls are turned to a low position . The rain clutter contro l
is used in the ‘jus t on” position to limit some of the strong return near
the  center of t he scope which  tends to satura te  that  part  of the CRT .
T h i s  g ives b e t t e r  images in the surf  zone w h i l e  not a f f e c t i ng  the  return
from the  mere d i s t a n t  wave areas .

The r ad ius  of the reg ion disp l ayed may be var ied  by discrete  steps
from 0.695 to 44.4 kilometers (0.375 to 24 nautical miles). The opti-
mum radius or “range” for wave imaging varies with the amb i ent wave
conditions—shorter ranges are best for shorter waves.

Ihe CERC system is desi gned for unattended operation ; an automation
system turn s on the radar at a periodic time interval that can be set
from 1 to 9 hours . After a suitable warmup time (about 10 minutes) the
radar si gnal is fed to the antenna as it scans the sea, and a sequence of
1 to 9 photos is obtained at each of four ranges , 0.695, 1.39, 2.78, and
5.56 kilometers (0.375 , 0 . 7 5 , 1.5 , and 3 nautical miles).

The automation unit controls the opening and closing of the camera
shutter and the sector of the sweep which is photographed. The system
is then turned off until the next scheduled observation . Photos are
taken at severa l ranges because the optimum range to obtain information
on wave direction or length depends on the wave length and hei ght of the
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Fi gure  3. CLRC radar s y s t e m  as dep loyed  at Mission
Beach , San Diego , Cal  i horn i a , d u r i n g  the
ho s t  Coast I: xper iment  in h la r ch  1977.
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Fl gure 4.  CERC radar s y s t e m  Pt’ I
and Bolex camera.
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I l l  . RAD AR l f fSIht FS

Radar t tu;Ige’S of ls~ t V O 5  procc’uttod i i i  t im i s report  w e r e  co t  loot oct in— t u g
t i%0 di  lie’ ron I radars . A Si tu  rI soqi iol t  cc’ of  i uulags ’ S W .1i e~di I les t Ott w it It - i

I ) ec ’ent  rada i- dt mr - i u t g  an e x p e r i m e n t  i n  - I anua  ry 19Th n i t  N .iusot Beach on C,tiio
Cost , M;iscachusot t c  , to  t e s t  t h e  concep t  o I us i ng radar t o pi - ot i do w a v e
di root ion i u i fo rm ;it  i stit . the llce- cni rad;t i’ w.i- ~ part of ,i vessel I i’ae- k tu t g

s~~st em ott 1 s ’ i f l  f r ot t i  tt t e ’ 11 .5. I s ’.t ’ I t mt a  t’sl Ross’ nit ~s~hi aimsi tt ev e’ l opu i i ou t t  b u t  c-n
in  (;rot out , Coultie’ ot i cu t  . A l  I 0 t t ic ’ r I ’dsid r i u l l . igc ’ S W0 no oh I a t iis’d is t Im t its’
L I  RC radar s v s t e n u .  For sc’vetnil tito titlts t t i c ’  Cl R I sv - ’teuut reg u larl y cot l o o t  e~st

wave i mages  in  an aut oiuiat ~c1 m o d e at t l i ~ii i i ie’ I I S I Mi~I S Il nti ’hior , ( a  i i  l o t -u t , i t t

S t l l ) I l O i ’t  of a s o d i m e i m t  t u ’a n sp o rt  stud . Au tsIsl I t tonal set  sif image s wa s

col le’cted  at  Sa u t  l )Iot~si , ( ‘ i t  fst t i i j t . w i t h ( l i e ’ Ci RC i-a l a n  d t i t ’ t m t g  2.’ Febi -u
an ~ t o  31  March 19 7 ”  iii s t t p p o i t  of  t h e  i~e~~t Coa ’.t  I x iieninmen t organi :e’si
t hm’ough the’ let i’ ropul  - ‘l out I ;tltou’ nm t 0 r~ (.lt ’i 1 . l’ nc - asie’iin i , C i i i  t ’onu i  L i .  t h e ’
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I oct to t ti e cotist r uue ’t i oui o f t tic’ p resent ( 1 - R I  n _ id a — 1  0111 .
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mIl d  iii gh m I i  gu t  -‘ sonic stioc i Ll I t c ’ n i f  tire’.
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enough t o s e’c t ti& ’ ic , iV e ’’ uic ’Li r t ime  e si gs’ c i t  ( t ic ’ cdi l lc ’ n i t  1 . 39 k i I omet e’ t ’
(I. 7h mti i t  i s n i l  nil 10) f~ron t i m e - radnt r • I ho -iuirt a ret i i i - ’ n i t  u i u ~~i t  s’st ati~i I i t s’

wave -— i u i  ( l i e  -iiirf :ouic’ e n t l i l t o t  l~c eli st u utgi ii -~bie~I slu t’ 1s t (lit ’ l i t - i gi ll rc’( ui tli .

Iii~’ R ut thc’oim rad i t- in t lie’ (lR ( ‘~\ t  0111 hai i ~l 1 es l i i i - . pu-ott I c’uui umiehi u n i t - c

sat isf act ot ’ i iv. F i g u r e ’  h I s  nt ph oto c t  t h t c  I T t  -iec) l ie ’ I i k o n  t i~ flue lRb
rad ui r i i i  Cal i horn Ia n i t  t ile’ 1 . 39 k t I oulto t c’ r riui ~ e • n u t st siiois c t ’lR’ p r ~ lul l i’v
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w av e  t i - n i l  U .  i%.l t c ’ s  in the ’ ci iu’ t’ . snts ’ Ire un-ui1t l Is s_ i  0ni Fe ’ F w i  t l t  t Its ’ (T R( ’
unIt . Re’jt r o et ums ’t lout ii.is uuta v e) 1 st a t i l v  rcsluics’d the de’fi it i t  ion of ’ t lit’ i u i stui I ’

Photos for this report .

Rad ui i’ can nt iso I flags’ utiul tip !e w a v e  t mi itt cou ld it I Ol tS . 1:1 gui.e 7 f i ’oiui
t h e ’  (‘ILRC iadat’ t i m  Cal i t o t’t1~~nt shows t w o  way s’ t i’a i ui s (a swel I t’ronm the ’
Soul itws’st Lu te1 Li s~ cout cI Wnivc ’ I nul l ut t rotut W s’5 I — Ito rt h t w e s  t ) . Iii roe’ wave’
I r a  ins c alm be’ sceti lit Ft geur e 8 (Li iso t remi t h e CLIII radar) . Sin g le or
ittu it  ~p Is’ w Live ’ t i - n i j u t s  we’ me s e’c’ut I t t  80 ( ci  91) pe’ no out ci t~ t he’ Pt’ I phm ot  oc
I akeuu w it it t u e  lw- si i’aslj r cs -st etut s ; su I1 .~ Oti s’ w a ccc we no ss’t ’ut I It a Ii t Ito
p tt~ t on .

ltt the ss’queltce ci I i’~tsh~i I~ 1 ut iages iii t: i gull’ s-s 9 te l 12 , t his ’ t’ada i’ ret u rn
to t ’  ( its’ sMuts ’ 1 oc u i t  I out altst senu cond i t t  silt 5 15 st is iwit t o t ’  t ou t ’  elI f t ’e rent
i’asia I’ I_ Lil t ~ e’-i . ‘i’he so i ltta gc_ ’s we me’ uul I t n i k e i t  is it h u t  .i 2—it ou r pe t’i eid slut’—
tug t lie’ C .ltl s Cod t s’st - ;oosu ret UI’tl W , I S  se’e’It e’veu t slit I its’ S. i , -  kit siIIlc’t t’1’
(3 naut icni i m i l e s )  range’ w it h waves  obv i o u s  1st  nut least 3.7 hi lo i t t et e’rs
(2 n au t  I c~i I n i  I es ) from the u’aeta m .

2 .  Poss ut i le Mea stui ’etne um t s W I tli Rn id ni t’.

Si li e’s’ t Ito (1~IIC svst c’tli I aks’s alt I mitnigs ’ of ’ t tie ’ wave f i e l d  e’ve’rv i’ada r
swe ’e’p .iu i sl  t h i s ’ t ints ’ ti s’t W e’s’n swe’ep s I s recorded w i t  Ii I Ll) ’ s , the’ WaVe’ spes’et

~ ni t t lie ’ ii teu tstt re st by not i ut g the’ el~ St ali ce’ t I ’ L iv e  I e’d liv ni part ic _ Li 1 a t’ wave’ be’ —
twes’Ii two fruinue ’s . Li gui ’s’S 13 . 14 . i t t d  15 sttow how t h i s  mc’nisui’eme m tt of
W~uV e’ speed is det e ’ i’m i utc’ d . t h e ’  Ii gtii - s’s sttow (Its ’ rnt~luil ~ ret ill_ li tom i de’nt I -
e’a I  eoi t d t  t lou ” ansI set I il ig s , e’Xe ’e’Ilt tit n it 5’Je~It i uulni g c’ w a s  t nike’i t S. S se ’c si i t s l s
I ui t or I t in i l t t tic’ p rec’s’sI 1mg elI te’. itt c’O lI t ( iui i.~ l1~~ t hess’ Ii  guii’e’s the cii  st alice’
t i’LiV e’ I cit lus ni p~ 

i’t I ciii am’ wave c Lilt be’ ms’as it rest (ui tui rke’st bs Li u’I’e)wS ) - A
rouig lt 0” t 1 111.110 5) f~ p01’ i od ouii t al SO be ’ iut ztdc’ s i nec hot It L i gui rs’s 13 and IS
sh ow a wav e’ i nsf reach i ng the’ li reakwat or.  I’he t i  ltte’S slum t lie’ pho tos i utd u
oats’ t h i ui t t i t s’ wn iv s’ p er i o d  is uip ji u ’ox i m atel v ii seconds.

By v i e-win g a Sc’ ri s c  of radui t~ I mages t akeit ewe i’ a longer t l ute pc’ ni o~t ,
t ime evol itt I sin of t ile’ wave f’i (‘Is1 can be stoc’thileu tt Osl (Ss’e’ F i gs . 1 Ii t ci 19
wh I e~t Ws’re t aks’n at app i-oxi lnuu te Is- 4—hour int o rva Is • au tsi stmow t h a t  time
wav e len gth s inc rease’ w i t h  t l ute’).

Re’ fr _ i c’ t i out phionoms’na Lu s I 11th gs’d ill i’~ist~i I’ phsi los c’an h i s’ ce)Ilt t lJ red is i lIt
h ,it p red mc :ed b u’s’t’i’~t e t ion t hic’o - . F t  gur e’s 2 (1 hill el 2 1 sh ow I We 1 s’115e ’5

ci t~ l’s’ f’rac I i silt as seeu i itt rui s tui r I unagos . F i gul l ’s’ 2(1 t akeit at ‘t si rrev P1 men
San l)i s’gsi • C a l l  fo i’ii Ia • si tsiws St rouig I is’u iel i u i g of wni V s ’ crc’St 5 iii t he ’ left
of t his’ I i~tnig c’ d u e ’ ( c i  Lil t uinde’ u ’wui t em f e’Li (lire’ (Se i- i pps Cuui tvoui ) . L i  gi tr o  2 1
shows t I m e’ bendin g of ’ a wave ’ ti - ni u t  wit I ~ht occurs  w hem t sle’e’pwnit 5’ 1’ W a V e ’ e re ct  s
nipproutch the shore’ nit an au g to of’ app moxi mat s’ Iv -i~~

’ 
- A short wave’ t int l It

due t o  a Is’c~a 1 w i utd t rcim t his’ n o r th e a s t  zund t longs’ m’ swe’ I i  t’rsitmi t he’ sem I h i -

c’.Ist il Sti .IliIie’ni I’ it t tilt’ t i  gui re . Re t’ract jol t u 5 stieiw ti by LiI’l ’OWS sli ’tiwii jic’ F

pe’lidi c’ulai ’ to  t his’ wuivc’s silt s’ti cht wave’ t I’h i Il t ui t two  di t f e ’rs’iit di  St ~ti ie~s’S
t 1s _ iil t sitOi’s’. I I this ’ bu iti tyme t i•y i s kut owi t , •ittd th is ’ isLives Lii’ s’ lisi t (sb Iii ghi
i t univ at  so be’ ;tciss iii Ic’ ts t Ss’phi rats’ i’s’tr n ie ’t I til t elite’ to t it s ’ hot t out t’rouu
that slu t’ I s ’ c~Lii’i’e’uit S.
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Nearshor e currents might be measured by tracking float-mounted
corner reflectors ott a sequence of  radar images.

3. Methods for Ana lysis of Radar Photos.

Because the CERC radar system was designed primarily for obtaining
wave dir ect ion statistics , a method of an a lysis  is needed to permi t rapid
and accurate iliter pretation of the direction of wave propagat ion from a
large set of radar photos . An additional complicat ion is that a single
rada r picture often shows several wave trains , each of which has a di-
rection arid a wavelength to be determined. An effec t ive and convenien t
method of analysis is to scan the film with a device similar to that
shown i n Fi gure 22. The operator can cont rol a 16-mill ime ter projec-
tor while viewing the images , in cinema mode or individual ly , o~i a rear
project ion screen . A ru l e w ith a crossbar assembly tha t fi ts over the
screen can be lined perpendi cular to the direction of wave propagation
in an area of the image to read the relative angle from a protractor.
A tr ue direction can be derived by refe rencing a known azimuth available - jfrom ch arts. The shore direction or some landmarks shown in the radar
photo can be used to define a true azimuth. Any 180° amb iguities can be
re solved by observing two successive frame s to note the direction the
wave crests are propagating. The distance between wave crests can be
measured with the rule. Figure 23 shows a rada r image with annotated
directions and wavelengths. The measurement of the wave direction rela- - -

tive to the shore is shown for two wave trains , where 0~ and 02 are
the ang le s between the wave train propagation direction and the shore-
line . The measurement of the wavelength for each wave train A 1 and A2
is also shown .

4. Measurement Errors.

A measurement of the propagat ion dire ct ions for the princi pal wave
trains in the CERC system can be obtained with an accuracy on the order
of 8° tJncerta jntjes in the direction measurement are due to (a) radar
angular resolution of about 1°, (b) resolution on the protractor of 0.5°,
(c) errors in lining up the ruler perpendicular to the wave crests and in
determining a re ference angle (estimated to total 5°), and (d) mot ion of
the waves during the time the radar sweeps the sea surface (an error of
1° to 2°) .

Erro rs in measuring wavelength due to resolution of the rule would
be least sign ificant in measurements at shorter ranges , such as the 1.39-
kilometer (0.75 nautical mile) range . Errors of from 5 to 10 percent in
measuring wavelength are encountered at this range .

IV.  ThEORY OF RADAR IMA G IN G

Objects are detected with radar by illuminating the scene with short I 
-

bursts of electromagnetic energy of a discret e frequency . A part of the
radiated energy may be returned to the t ransmitting antenna by specular
reflection (mirrorlike reflection) or by back-scattering (discussed later
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t h is  sect i on ) .  Fht ’ d i s t a n c e  to the o b j e c t  is determined by the t ime
be t  ht’&’fl t he emi ss  ion cit an ene rgy pulse and i ts  ret urn to the t ransmit tc r .
Fhe d i rect ion of the o b j e c t  is determined by ~ nt ry ing the or ient at ion of a
na ri’ow beam an t  enna .  Images  are cons t ruct ed by scanning the scene and
d is p lay ing the resul ts  on t h e  I’P I scope. I’he sweep of the PP 1 is syn-
c h ron i :ed w i th t lie antenna rot a t  ion so that a ret urn rece ived by the
ant ennnt 1 s recorded on the I’P I at the appropriate az i nut h. The obi cc t
is 1 maged as an ill uminnit ed spot on the I’P I at a dist  nuice t’rom the center
of t he PI’l , proport ional to the d i s tance  of the ohj ect from the radar.
In the CFR C s y s t e m , t he antenna rot at es at constant speed around a ver —
t i cal a x i  s Ihits , t he s it e of  the ant eiina appears near the center o
the PM ‘CI 1 ) t’.

1 - Rni d a  r Re so 1 lit ion.

Fhe reso m t  ion of the radar along a radial 1 inc is determined b the
pul ~e length. For an ob j e c t  to be detected , a pulse of energy must go
out to t he oh~ ect and return to the t ransmi t t e r ;  i.e. , to detect an
ob j e c t  at a d is tance r , the radi nit ion must cover a distance of 2r.
Fhiis , the d i - t a n c e  is obta ined  is

r = (4) ct ~l )

where c s t he speed of electromagnetic radi at ion, and t the t inc
interval between the ent iss ion of an eI1eri~v pulse and the return of the
s ame pulse. l’lie pulse , howeve r , has t’in i te  durat ion , i . i quat ion (1)
should then be w r i t t e n

r + ~r = c (t  + r)

where ~ r is the uncertainty in measurini~ r , or the reso lut ion of the
radar system in a radial di rc-c t ion The nominal resolution is shown to be

3 r = ~~~- . t~3)

Resolution in a radial direction is improved by using small values of T .
Reducing the pulse length also reduces the power of the returned si gna l,
and ext remely short pulses may also be assoc ia ted w i th  a reduction in the
re l iab i l i ty  of electronic components . A pulse length of 50 nanoseconds
(50 ~~~ seconds) used in the C1iRC radar system for imag illg w aves  is
the shortest pulse w id th  ava i inil-s le in conimerc ial marine radars . l’hi s
type of radar is used in the automat i c wave di rect ion system because of
i ts  rd i ab iii tv  and 1 oh-er cost - Some spec ia 1 purpose and resea rch radars
use short ci’ pulses wh ich may eventually be used in marine radars. l’he
CFRC sY stem has a nominal resolut ion of

Sr = (4) 3 10 8 meters per second 50 l0~~ seconds

ISr = T . 5  meters .
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Directional resolution is determined by the ratio of the effective
aperture of the antenna (a measure of the effective length presented by
the antenna to the incident wave) to the wavelen gth of the radar waves .
The CERC system has a nominal horizontal angular resolution of about
0.9° or 0.0157 rad i ans. Equipment now available (after the CERC system
was purchased) will permit an improvement to 0.6°.

The resolut ion normal to the radius is given by

óc = rôO

= O.0157r . (4) - 
-

Thus, the nominal resolut i on along a radial line and normal to it is
equal at a range of 477 meters (1,565 feet). The angular resolution
is inferior to the radial resolution at greater distances.

The angular resolution in a ve rtical directio n (23° for the CERC
system) is not critical , and little effort has been expended in opti-
mizing this .

The radar in the CERC wave imaging system transmits 3,600 pulses per
second with a pulse length of 50 nanoseconds . Since the antenna rotates
at 33 revolutions per minute , about 18 pulses are emitted for each 1°
rotat ion of the antenna. Near the center of the scope , at least , the
smallest clement of the phosphor will sustain an angle of more than 1

0
.

Thus , each spot will display an average of man y radial scans. I’he theo-
retical optimu m radial resolution is also degraded due to distortions of
the pulse on scattering and sli ght mi sadj ustments to radar circuitry .
When all factors are considered , the manufacturer claims a resolution of
10 to 20 meters in the radial direction and 0.9° in an azimuthal direct ion.
Therefore , the shorte st wave likely to be detected with the system in deep
water can be expected to have a peri od of 3.~ seconds. The shortest detect-
able periods in shallow water will he even longer.

Radars wh ich  use pulse lengths much longer than 50 nanoseconds and
angular resolutions of less than 0.9° are unlikel y to be satisfactory
for imaging the wave field.

2. Scattering Mechanisms.

Radar is scattered from the ocean by two mechan isms. The first is

~ j ’t ’~~U Z4u ’ p 4 f ’! - 1 - t f m , where the microwave rad i at ion is reflected by a
facet or a surface that is perpendicular to the radar beam. Radar al-
timeters and othe r rada rs that look strai ght down at the sea obtain re-
turn si gnals v i a  this mechanism. A return can be seen when view ing the
surf zone with a rad ar at grazing angles ; facets caused by the breaking
waves present surfaces that are perpendicu lar to the radar beam. Waves
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outside the surf zone can also be v iewed with the antenna at grazing
aiig les ; a second mechanism , Rroq ; ciout toi ’/Pz ~j , is responsible for the
returii. l i i  Bragg scatter ing the ocean waves appear t o the microwave
radiat i on as a scat ter ing  lat t ice.  Scattered radiat ion from successive
ocezui wave crests wi l l  reinforce constructivel y at the radar antenna , if
the differen ce i n  the path lengths from the radar to each of two wave
crests is an integral numbe r of radar wave l engths. Figure 24 illustrates —

W~t ,r Way . L~~I5ca

}:i giire .~4.  Schematic showing Bragg scatterin g. Wave-
length of radar i s  \~ ., wavelength of waves
is 

~~~~ 
and degi’ess ion ang le is 0.

th is coust ruct I ye interfe rence in Bragg scat te ring w lie re the ant enna to
scat tere r distance is large compared to A ,, the ocean wavelength, let

~, be t lie i’ada r wave I engt Ii and 11 the gra z ing angle wh i cli is small
The di t’fe rence in the round—ti’ i p distance between a si gnal ret urn from
the f i rst  crest and that from the second crest is 2x . The condit ion
for con st rue t i ye re in Ic rc emen t 1 s t hen

mA 7,

U intege r (posit ive and nonz ero) . (5)
But

= 
~:~‘ 

cos i~ ; (~
)

thus , the Bragg re la t  i oiish i p is

n A ,, = 2X , cos 0 - (7)

l’hc strongest return is usual ly t’or the f’i rst— o rder Bragg scat ter ing
w hen n equals 1. For inos t shore—based or sli I p radars , the g r a z i n g
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angle  is s mal l  and the t’i r s t — o r der Bragg sc .it  te i’ i i ig  is ~Iiie t o  ot’enui w a v t -- ~
h i  th lengths on the order of ’ o n e — h a l f ’ the radar wnlvc length. For \ - - linuid
radar , wh I cli has a \~~, of ’ about 5 cent inieters , t ic Bragg s c a t  t et’ iitg I

t’rom the cap i 1 larv and sho r t  gravity oceati waves

5 . Role of iVitid in Sc.iuei’ing .

At times no w a v e s  appeni r on t lie i’ada r images , a It hoiig h wivc’~ i t - t’

known t o  be present bt ’eatice they can he obse t’~-ed in the stit ’f  out’ ~lut’
to radar ret urn ti-cm facets and spray as speeti I a r i.e t’l vet  ion . \ ea ‘~e
where no waves are seen out side the surf ’ zone i ‘S hown in F I git i-v .~~ -

The f igure c lea r ly  show s a wide sin-f zone wh t ch w i ”  caused by “we i t s
t’rom tw o  di rect ions . Out s ide the siii’ f ’ z one , no IS IV C .  a i’e v i iii ft i i i

Figure 25 , because since the w inds we t-c ca lm or low , l i t t l e  cni pi I la t - ~-
wa ve development was present to prov ide ha c k — s e a t  te t ’  radar i-ct urn .
Fi gure 2ta shows the s ame image taken about 2 liout’s af t ci’ 1: 1 gu i’e ~~ w’ lieii
the winds had freshened. The ot ’t’s liore swel  1 is now e lea r lv  v i  c i  Me lit’ -
cause of the radar return from the w e l l  —d eve loped cap i l I i i v  wa v e c  modii—
lated by the swe l l .  In genera l , f ’ie ld t e s t s  have i ii~ti ca t cii t hat at leas t
a S—mi  le— pe r— hot i i ’  wind is necessary lot the radar to  image wnIvcs  out Ide
t he surf zone .

4. Sc at t e i ’in~ from W ave C res ts .

When an X—b and i nag I iig radar i s used at a cho i’c 1 oc.i t ion , a ret ii iii

is seen t’rom the s u t - f zone titie to  spt’eu lii. t’e f l e e t  on and sea t  I ci- fi’oui
small droplets  and S}) ray tace t 5 Pt’ t’pt’iud te n 1 nil ’ t ci t lit’ radar beam . —~
ret urn from out si tic the surf ’ zone is caused liv Bragg ‘~ cat t c t’t iig , wht ’ i-c
.1 St I’Olig i’et uin is  obt ~il tied t rou t a b u g  the ocean wave e u’c- ~t s , Scvc rni I
t’ac t ci’s con t r I but e to t hi s p itenomt’noui

Ilit ’ s l o pe of ’ t he sea sur face i~ ’ oUi~’ f ac t  ci i- . l’hc ct  i’cngt Ii of t in’
ra da r  r e t u rn , mt’asiirt’ d in t c ruuus of radnit’ e ros s ’~c e t  ion , • is  a lime—
t ion of ’ t he I o~- .i I gra: i uig aug lv. i’iit’ ra dar t’ ro’~c sect  ion • - ‘ • i -

~ a

measu re of t lit’ rat i o o f t In’ 
~~~~ 

r deui~ i t v seat  t t’rc d t oman t lit’ nc~’c i ye r
to the powe r tk’iisi tv ineidt’iit on a t a r g e t .  Figure 2 ‘ s hciws a c u-os-; s ee —

on per Un u t .i rca ci
O p 1 o t t  etl ye  i-sits g ra : t iig aui~ Ic (ci ” i s iii dee i be Is

I • & ‘ - 0 ’ (dB) = 10 log 
~~ 

ci ~
‘ ) . In tl it’ ii ~t i i c  . flit’ g ra ph t o t -  au

hot’ i zont a I lv pol .it.i :t’d s i  gul.t I sliow - - nui i l ienc,ist ’ iii ret u i-n m u t Ii Inc reased
grnl: I ng ,Iuii: Ic . Thus , a bet t t ’ i’ ret urn won It1 he c \ j lce t cii t’i’om the ti ppe’ i-
P~’ 

t’ t of t lit’ t o  rwni rt l tact ’  of ’ grniv I tv  wa v e s  • w in’ i.e t he I oe,i I gu - .i i ug a u g  1 c
bet ween t lit’ w .it ci’ cii u’f ’aet’ and a rad i i  1 Ii iic t’rouuu t he t’ .ud.i i- nit clin t i s
1 nirgest

,\ st’~’ouud f_ j e t  or i -. t h a t  f l i t ’ ant eunni I’. mount cii , i t  Stit ~li a low c i  cv .i
ion t hat most wa i-c t i’oiiglic arc sli adowt’ d by t lie 

~ 
t’ei o ut ’. c rc ’ - t s lint lii gli

t’uiougli to  ensure t h i t  a hi gli w a ve  wo n ItI not shadow tii i f o l l o w  iii ii ai c
t~ i’ c c t  s . Flit’ opt i muiuii ant etiui a t’ 1ev at i on wo u Iii lit ’ lie t mccii 10 t ci 20 met ci - ’.
( 55 to  titi t’et ’t ) . i t Ii t he ant etiuia bt ’ low 10 met ci’-. , the i~i’,i — iii ~ iii i~ It ’ i
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Figure 27. Composite of ~~0 data for a
“medium” sea (Skolnik , 1970)

so smzt 11 that many waves wh i cli are  no re t ham I - 5 kilometers (4 , 920 feet)
from the radar , will not be seen because of shadowing by nearer waves
(see Fig. 28) , and also because of the sinai! radar cross section at small
grazing angle. At elevations of about 20 meters , t he radar beg ins to see
some return from wave troughs which makes the lines of the wave crests
harder to distinguish (Fig. 29) .

Anothe r factor is due to the modulation of the radar—scattering cap—
I blary waves by t he longer gravity waves and swel l .  This motlulat ion ,
due to liydrodynamic interact ions , results in a concentration of capillary
wave energy near the wave crests giving increased capil lary amplitude and
st ronger ratlar return there . Phi 11 ips ‘ ( l9(~~) description on the St rain-
ing of small , short waves by the larger waves is one of the hydrodyn ami c -

mechanisms contribut ing to t his conven t ra t  ion. The effect of modulat ion
of capi l lary waves on radar return linis been investigated by Yeshchenko
and I antle (1972), Kel lt ’r and Wri ght ( 1975 , 197(i) , Plant , K e l l e r , and
Wrig ht (1978) , Reeve (1978) , and Wright (1978).

The rotating display SWCCP reg isters an image of t h e  sea scatterers
from t h e  wave crests on t he PPI display which in turn can be recorded by
t ime—lapse photography. The waves usually exhibit  a long—crested charac-
ter (a I so appears in at’ ri a 1 photos) and appear as light and dark strips
ac ross the PPI scope . It is often assumed that the light areas repre-
sen t the front face or crest of t he waves , and th at the dark strips repre-
sent the bac kf ’ace or t rough . Flit’ correctness of t Iii s tnt repret at ion i s
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Fi gure 28. Schematic showing how for low rada r antenna elevat i ons
large r waves , at times , shadow the fo l lowing wave cres t s
and 1 int l t effect ive riuige of inst rument for imagei’~- .

e 
‘ - -

‘4

Fi gure 29. Schematic showing how hi gh radar antenna eleva-
tions give a radar  return front t roughs of waves ,
decre asin g the contrast in the image ry .
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uncertain; however , it is not essent ia l  to  a determinat ion of ’ w a v e  direc—
t ion or w ive length. ‘l’he direct ion ot’ wave p ropagation can lie ~Ietenn iuietl
from the Orten tat  ion of ’ the l ines of ’ sc at t t ’ i’ers ,

The distance at which waves w i l l  gi i-c a i’t’ t urn detect ali It’ on the
radar depends on severa l facto i’s , i tic bud i ng t he ant euiuia t’ I evat ion , t lit’
steepness o f the long grav i ty  w a ves , and the atmos pheric cond it ions.
W i t  Ii c onEte rc i a I radars such as that used in the CFRC sv st  cm , the max i mum
range for wav e imag ing is rest ri c t et t  by the paraint’ters ot t lit’ radar unit
to 5 .2$ k i lometers (3 mi les)  . The pulse width of ’ SO nanoseconds needed
for wave reso ltit ion is .iva i lab It’ only f’or raiiges of’ S. 2S ki loniett’ i’s or
less . A minor change to t h e  radar would a l low use of ’ tli is sh orter pulst’
t’o r t hit’ longe r ranges . t ioweve r , t lit’ radar powt ’ r wo n Id t hen hecomt’ I lit’ 

‘

l imit 1mg factor for the ranges longe r thiaui S. 2$ ki bount ’tt ’t ’s . Unless the
t ran sun i tt ed powt’ r could lit’ inc rca s cii, I lie nt ’ t t i ru may lit’ t oo wt’ a k I o i it’

wave images.

1 t’ radar radia tion is assumed to  t i’avt’ l iii st rai ghit lint’s , then t hit’ —

i’auigt’ would a Iso lit’ ex pectet i  to  be rest i- i t~t t~tI hr t h e  curvat t ire of the
I art h as shown iii Fi gure 30. It ’ ii = S . 28 k i  lonuetet ’s , tht’n a m inimum
radar height , Ii , i s found ~iy

(i’ + Ii) ” = t- ” • d ’

t + 2 h r  -~- 1i = i’ + d (8)

h(2r • It ) =

but
-‘--‘ Ii

Ii ~ , (9)
21’

let

= 4 ,000 mi les ((i , 439 k i lomet  en s )
then

Ii = 1 ~ S .280 feet
\8 , 000 /

hi ( feet (1 .8  nm’t e n s)  -

Si nec radar waves f ’o b low a st ra i ghi t Ii tie on b y in t mcdi urn of eo n—t ant
inde x of refraction , thi is method is not quite correct • In the ,it unosp hit’ rt’ •
the gradients of hum i tl i ty and densi tv cause the rada r bt’nnn to Feint . lvp i —

cab lv iii a standard atmosphtire . r at lar radiat i on st ai~t ing out para l le l  t o
the Ia  rth w i l l  t rave l along an arc w i t h  a i’adi us appi’oximat e ly  t’qua 1 to
4/ 3 the radius ot the Farth. I’he actua l radius v a r i e s  w ith f lit’ vt’rt t e a l
gradient of ’ tempc rat tire anti humid i tr  in t lit’ at mosp hci-t’ . The i-ad ins i s
least when tenq c rat ui-c inc reases and h umid i t  i- tict’ u- t ’c is c -’ i- .tp I dlv w i t h
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Fi gure 30 . Schematic showing the rest i ic t  ion ott I t u e - o f - - s u ght
by curvature ot’ the Earth.  Ii he ug lit of i- i~~ ~~,

= Earth ’ s radius , and ii = u-aiige liv I uui e— t i l—s i g lit -

increasing he i g ut .  The di s tzuice to t lit’ ho u’i ~oui for a i’,u~I,i u- t’~pt’ ni c u e  i uig
this refract ion can be given as (Sko Inik , i9i2  , pp. ~‘0c~—:~~19 1 :

ii = / tthi ( l(f l

where a is the radius of the Eart h . l’he t e i’m ha i s  t lieu an c f leet i~ e
radius of the Eart h . Fo r k = 4/ 3 , equat ion (10) can lit ’ con~ eui it’uit lv
written where ii is nieasui’etl in s ta tu te  mi it’s and hi iii f’eet as

tI(sta tute miles) = /2h(feet) (I fl
or

h(feet) L~~5t~tt htt (’ nu i 1tJJ,

where d is the distance to t h e Ron zon , and Ii I lie lit’ i gu t  cii flit’ r .udau- ;
for d = 5.28 kilometers (3 miles) , then hi = 1.4 meters (4,5 t’et’t ) -

For most radar i uist all at ions , this antenna e I t’vat on i s eas I lv ciii -
ta m ed. Ilowt’ve r . t’urt lie r res t i - i t’t ot is on t lie use (Ui di 5 t ant’c t hat ra~la i
can view waves a i’e imposed hecaust’ tlit’ radar ~e at t crc rs ni tIe on the f o r —
ward face of the longe r g u’av i t v waves - lhii i s , wit ii an ant t’uiuia at  t he
minimum requi red lie i ght as deterntined above , W ives would uiti( lie seeui out
to 5.28 kilometers because of sh adow ing of (lit’ ra da r  scat tenet’s liv ui earhiv
gravity waves. An example of the i’ada i’ auiteuliia at an elevat I on ot ’ 4. (‘
meters (15 feet) is showui i n  Figui-e 31 wile i-c two waves tin I I . n ki lomct ens
(1 mile) froLu flit’ ratlar with 1.5 meters (5 feet )  iii height art’ iuispect e l .
(;eornetry shows that only the top 23 cent i utit’tt’rs (0. Th loot ) of’ t i lt ’ st’cond
wave is seen hr the radar. (In less st rouig wiii ds wei t ’ pi’i’st’llt . ( lit’ i’t’tt irn

from t hi is snia 11 a l’t’il of t he wave would Ii kt’ b y g Vt ’ a w ea k ra d at- ret U i’li -

Ret urn from foil owing w a v e s  f ar the i’ front t he ratla r won Iii g i v e  au evt’n
weaker return ; tiieret ’orc , the et f e c t  i vt’ rauige for thi s in st .u II at ion u s

about 1. ~ k ilorieters -
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Figure 31. Schematic showing the illumination of wave

crests by radar at 4o  meters elevation .

Severa l ot her complicating factors make exact calculat ions of max imum
range di f f i  cult in eve ry situation . These include the decrease of radar
cross sect  ion w i th  incidence angle (see Fi g. 2n) , the unknown phase ot’
the rada r sca t te rs  with respect to the long w a v e s , ianiat ion in teuuipcra—
ture and hiurniditv iui the air , and the variat ion in  h e i ght of the l ong p
waves.  l’hus , the choice of the optimum antenna elevat ion must be made
empi riv al ly w i t h  cons ide rat ion of thie wave height to he expected , the
features to be iuivest i gated , and the sites ava i  [able.

V. VALI DAT 1 ON

Wave dat a frtmt imagin g rada r siiou iii be couutpa red w i t  hi wave dat a from
other devices . :\t least two types of compa rat i ye dat a ma be used :

(a) Othe r types of wave image ry , including aerial phiotog—
raphy and ,i i rcraft or satellite x’ada i’ such as synthet i e aper—
ture radar (SAR) and side— look ing radar (S[,AR)

(F) flat a front coulvent ional wave gages or arrays of conven-
tional wave gages.

Al 1 imag ing p rocesses pre st’uit a nearly inst antaneous , two—dimens iona l
view of the water  surface. For aerial photograph y , t lie durat ion of an
observat ion is  a few m i l l  iseco ui ds ; for sca nning rada r (used in these
experiments), successive part s of the image are formed at la ter  t imes ,
and the durat ion of data co l lec t  ion is about I to 2 secouids . In all
imaging processes , ripples are required on t h e  wa te r  surface to reveal
the presence of longer waves.

With aerial photograp hy , the principal process for obtaining infor-
mat ion about the water surface is specular (mirror like) reflect i on ; for
sur face—based rada r, the priuic ipal process is Bragg scat ter ing.
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Most wave gages record t h e time history of some property of the wave
at a fixed point , or a ve ry small area , over a finite time inte rval ,
usually about 20 to 30 minutes. When an array of gages is used to deter-
mine wave direc t ion , it is necessary to postulate an analytic function
which describes the geomet ry of the sea surf ace and to dete rmi ne the
coeff ic ient s in thi s fun ct ion from gage measurements.

Measurements from a single gage generally represent some typ e of
time avera ge . When arrays are used , space-avera g in g based on discret e
poin ts is al so invo l ved .

Both types of data yield information on waves , but the info rmation
revea led by diffe rent procedures is not identical becaus e each observa-
tion technique concentrates on one or two facets of wave behavior and
neglects othe rs . Exact agreement is not to be expected . Nevertheless , - 

-
the comparison s discussed in this section reveal a si gnificant level of
agreement .

The primary source of com parison data was the West Coast Experiment
(sponsored by Nat iona l Aeronautics and Space Administration (NASA) ) con-
ducted during February and March 1977 off the coast of southern California
(Shemdin , Inman , and Bl ue (1977)). l’he objective of the CERC participa-
tion in this experiment was to conduc t a field shakedown test of the fi rst
pro t ot ype CERC radar system , which had only recently been assembled , and
to validate as many CERC radar measurements as practical. Certain factors
prevented t he CERC system from performing in an optimum manner. The
limited time for deployment and the available locations for operation
did not allow ideal antenna elevations. A subsequent discovery indicated
that the radar was not p roperl y tuned and that misadj ustment of pulse
width may have g i vers a pulse as wide as 150 nanoseconds , three times the
desired value . This would have resulted in the radial resolution being
degraded from about 10 meters to between 30 or 40 meters (98 or 131 feet).
Uowever , ~a~Jar wave images were produced w hich provided wave direction - -

measurements to co mpare with measurements from other instruments operating
simultaneously. These comparisons along with some information gathered
dur ing an earlier experiment at Cape Cod are discussed below .

1. ~~~~arison with Aerial Phwtos .

During the West Coast Experiment in Marc h 1977, sever al U- .! aerial
photo missions were flown off the California coast in  the area of San
Diego . Simult anc o uslv , radar i mages of the waves were obtained w i t h  the
CERC radar sys tev-t located at Mi ssion Beach , San I)iego . Two cases exist
where photos (as shown in Fi g. 2) could be compared w i th  radar images.
In these cases , measurements we re made of the directions of propagation
for long-crested wave trains detectable on t h e radar image and the U- .!
photos . Figure 2 shows a part of tile aerial photo t aken 29 Marchi ; Figure
32 show s a photo taken 14 March . ‘I’he results are shown in a ‘l’ahl e . The
CERC radar image s and the U—.! photos were both taken wit h in a 10—minut e
period on each of t he two dates . W ave measurements on the imagery were
made either at the U.S.  Navy Undersea Center (NUC) tower at a depth i of
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than those seen by the pressur e gage . The precise position of the pres-
sure gage was not known . The erro r could be accounted for if the wave-
l ength  measurements we re made on the radar image at a loca t ion shor eward
of the actua l pres sure gage position . This hypothesis is supported by
a scat ter  p lot (Fi g. 37) of ti-ic wave period measured h)y the pressure
gage and the wave period obtained using the wavelengt h as measured by
CERC radar , t he depth from ch iart s , and Ai ry th eory . This is t he same
data set used in Fi gure 3(- , hut for period no systemat ic  error is seen .

An ex tens ive comp arison study of wave direct ion as determined by t hie
CERC radar , aerial photos , SAIl imagery , and a pressure gage array is pre-
sented in  Matt ic , Evan s , and Its iao (in preparation , 1979).

VI - OIl IER RADAR DEVICES ANt) I) I RECl’ I ON MEASUR INC SYSTEMS

Ra dar  Dcv i ces -

Radar is used in many different w ays to obtain info rmat ion on ocean
waves and winds . Rada r al t i met e rs  used on aircraft and sate l l i tes  can
prov ide informat i on about wave hei ght (Rufen ach and Alper s , 1978) . These
satellite altimete rs measure sign i ficant wave height to all accuracy of
1 meter (3.28 feet) or 25 percent of the actual height over a range of
1 to  2t ) meters . Images of an ocean surface area can be obtained from
aircraf t  and s a t e l l i t e s  by the SAR (Elachi , 19781 . In the SAR system ,
the return along the f l i ght path - i is combined in t i-ic data processing so
that the angular resolut ion is great ly imp roved , and an antenna is simu-
lated that is much -i longer than the one actua l ly carried on t i-ic plat form.
With this incre ased angular resolution , the s a t e l l i t e  SAR ’ s have a reso—
lut ion cel l  25 liv 25 meters (82 by 82 feet) .  Spatial wave and current
in format ion can also he oht ai ned with hi igh i frequency (lIP) radar. A
typical radar of this type has a wavelength of S to 100 meters (lb.4 to
328 fee t ) ,  and ucual ly requires an antenna array on the orde -i- of one to
t’ ive wavelengths long to for iti a f a ir ly narrow azimuthal beam . Barrick
(1977) has develo ped a I)h1~is ’ -d i f f c r Cf l c C techn ique to obtain narrow beams
w i th  small lIP antennas. Most UP units are doppler radars which measure
the speed of the radar s catters f rom the doppler shift of the radar sig-
nal. When liP ra dar is scattered from the sea surface , tile fi rst -order
dopp ler return can give a measure of surface currents. Lipa (1978) dis-
cusses the t hicory and verification fro m one experiment for a method to
obtain wave dir ectional spectra from the info rmation contained in the
hi gher order dopp ler return . The resolution provided hiy this system is
unlikely to he f ine  enough to meet t he needs of coas ta l eng ineers for
nearsh w re measurements.

A variety of ot her specia l ized rada rs is avai lable for making speci—
t’ ic measurements in th ie ocean environment; e .g . ,  a radar s catterometer
provides est imates of loc al wind ve loc i t ies  by measurement of the radar
cross s ection , because at some radar w avelengths , the cross sect ion is a
function of w i nd s pc ed . Au-i inexpensive radar with a resolution fine enou gh
to obtain images of sea surface wa ve f ie lds for ranges to include coastal
wave phenomena s needed . The (:ERc rada r w i l l  meet this need for many
operation al co uidtt ions .
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Wove Gage vs. Rodor (PERIOD) Nous et 2, 13 , and 14 Jan.1976

:Fi gure 3~’ . Scatter pl ot of radar measurements ve rsus
pressure gage measuremen ts of period.
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2 . Determination of Wave Direction from an Array of Sensors.

Info rmation on wave direction is avai lable from analyses of the rec-
or ds obtained from an array of wave sensors . In essence , t his procedure
is based on an assum ption about the geometry of the water surface and the
relation between t he wave height and the pressure , the velocity or both,
as a function of dept h. The assumption may have a deterministic or prob-
ab ilistic fo rm , but it must be expressed in analytic form so that coeffi-
cients obtained from the wave record analyses can be used to specify the
distribution of wave directions .

The simplest model assumes that the important waves are low , mono-
chromatic, unid irectional , long crested, and are travel ing wi thout change
of shape over a horizontal bottom. If these conditions hold and the phase —

differences between three wave gages in a two—dimensional array can be
measured , a unique wave direction can be derived from the data. A unique
direction may also be determined from measurements of pressure and water
particle velocity along orthogonal horizontal axe s or from me asurements
of the wave height and surface slope along these axes.

It may also be assumed that the wave energy at a given frequency is
distributed over a range of directions accord ing to a formal law and to
use wave observations from an array of sensors to determine the coeffi-
cients in the selected law. It is important to note that the determina-
tion of wave direction by analyzing the records from an array of sensors
is necessarily based on an assumption about the law which governs the
distribution of wave directions. If the assumption is precisely correct
and there are no instrument or analyses errors, the information on wave
direction will be correct. If the basic assumption is incorrect, the
results of the analyses may be misleading even when there are no instru-
mental or data processing errors.

Techn iques for determining wave direction by analyz ing the records
from an array of wave gages have been reported by Fuj inawa ( 1974) ,
Panicker (1971, 1974), Esteva (1977), and others.

When an image of the wave field is analyzed, some trains of low waves
may be overlooked; however, if a wave is identified in the image of the
wave field, then that wave train must have been present on the ocean and
the direction determined from the image cannot be greatly in error.

VII. DISCUSSION
The CERC radar sys tem was designed to automat ically obtain images of

the wave field for measurement of wave direction and length. The system
also has the capabili ty of de termining wave speed , current speed and direc-
tion , information on refraction , and a potential of obtaining addi t ional
information .

1. Addit ional Capabilit ies of CERC Radar Sys tem.

- There are two situations in which the CERC radar system can be used
t o measure wave period. If the radar is in the manual operation mode ,
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an operator can leave the radar on a single range and view the return.
To measure t he period , the operator would either select a stat i onary
radar scattere r , such as a tower or end of a pier shown in the radar
photo , or chose a point on t he PPI and determine the time (with the aid
of the LEE) clock) for one wave (crest to crest)  to pass the chosen point
on the scope . For bet ter  accuracy, t he time is determined for the pass-
ing of 10 waves; t he wave period would then be this tine divided by 10.
From a radar picture , the wave period could be foun d by measuring the
wavelength at a locat ion in th e frame where the depth is known . Linear
wave theory could then he applied to give an estimat e of the period.

Info rinat ion on wave hei ght may be obtainable with the CERC radar.
The strength of the radar return is a function of the amplitude of the
capillary waves and the local grazing angle. Since the capillar y waves
are modulated by the longe r gravity waves , it would then appeal- that the
modulation of the radar return signal should contain information on the
long—wave hei ghts . A complicating f a c t o r  is  t hat  the cap illary wave
development is influenced by the local winds. A complete theoretical
mode l is not now available to re late radar cross sect ion or radar return
si gnal strengt h to wave hei ght for radars such as the CIiRC radar. Ilow—
ever , an emp i ri ca ! cal ibr at ion of the radar return for wave height may
he possible.

2. Future Plan s.

The main directions for furthe r development are to increase resolu-
tion of the radar system and to develop automatic data reduction . The
CERC system has a 2.74 —meter (9 feet) antenna array; however , a recent lv
available 3.ôb -mete r (12 feet) array wi l l  give a sl ight ly better angular
resolution of 0.6 ° instead of 0.9 °. More importantly, it wi l l  give a
better signal—to —noise ratio.

A shorter pulse width to improve resolut ion and perh aps provide bet ter
radar wave images may be possible with only minor adjustments to the radar.
One drawback in shortening the pulse width is t hat  this lowers the average
powe r transmitted. Weak scat ters imaged when using the 0.05-microsecond
pulse , may be invisible with the shorter pulse. Tests are needed to ~le- 

—
termine the conditions when the shorter pulse would be useful.

An additional refinement is to mod ify thie radar c ircuitr so that the
gain function more c losely  fol lows the decrease in radar return strength
w i t h range to g ive a bet ter  i niage w i th a more even cont rast across the
image and less satur at ion near the c e n t e r  of t h e  PP 1 - This w i l l  also
give an image better suited to a u t o m a t i c  ana lys is procedures .

If a large qtiant i tv  ot data is co l lec ted w i t h  these radar systems ,
then automated methods are needed for analys i s. Suggested met hods in—
c lude (a) Fourier t rams forms of the rada r fi lm us int~ cit her opt i c.il or
di g ital methods , (hi) anal yt i cal means for obtaining w.ive di rect ion from
the direct  rada r return si gna l, and (c)  a TV recording system in lieu of
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the th-m illimet er film may permi t improvement in the orig inal  sett ing s
of some of the console controls and may facilitate aut omatic data anal-
ysis rout ines.

T he  CERC radar is being tested at the CERC Field Research Facility
(FR F ) at Duck, North Caro l ina, where wave hei ght spectra are available
from a number of other sensors (including a waverider buoy) within the
radar field of view . Wi ndspeeds and wave spect ra at FRF present an
opport unity to bet ter  defi ne the minimum conditions to obtain wave
images . A study of the quality of wave images for various wave heights ,
wave periods , and windspeeds is needed. Since the radar-scattering
capillary w aves are enhanced due to the curvature of the gravity waves ,
a stronger return would be expected from the steeper waves. Thus , the
minimum conditions for wave i magery would probably be a function of wave
height and wavelength . Antenna height also has an impact on whether par-
t icular w ave conditions can he imaged. Although images have been ob-
tained for wave heights of 1 meter or greater for most conditions and
often for waves of smaller hei ght , these future tests should provide
the quan t it ic s of data necessary to precisely establish limits on the
cond it ions su table for radar wave imagery .

These tests at FRF will also present an opportunity to study the
relat ionship between radar return and wave height. An “A—scope ” display
w i l l  be inserted into t h e  radar system to show the return along a pa r t ic—
ular azimut h whe re the display is simi lar to that of an oscilloscope with
t he vert ical axis rep resenting the magnitude of the radar return and the
horizontal giving the range to the targets. In the CI1RC sys tem the re—
turn along a particular azimuth wi l l  be gated to the A—scope , and w i l l
l ikel y be a type of stor age osci l losco pe . Radar return strength as
measured from the A-scope will be compared w i th  the wave spectra for
a va r iet~- ot’ sea states and wind conditions.

The CERC rad~ir system has been used at Channel Islands Harbor ,
Cal i torn i a , in suppo rt ot a sediment study and to obtain wave imagery
~~ part of the West Coast Experiment. This 5 stem has been moved to
Duck , North Caro l m a , to further develop t he system ’s capabi l i t ies and
to support research projects at the FRF. The unit wi l l also be available
to support CERC or U .S . Army Engineer D is t r i c ts  in projects involving
wave image ry -

V I I I .  SUMMARY

Tb is report has shiown that images of the most prominent waves on the
sea surface can often be obtained w i t h  the aid of coinmerc ial ly available
marine nav i gat i onal radar. Images of the wave field are collected by
photographing the disp lay scope of the radar. Records may be obtained
in an unat t ended mode by a programing device wh ich act ivates the system
and c o l l e c t s  a sequence of photos at fix ed— t l ine intervals. Wave dir ec—
t ion at a fixed poi n t or t h e prevailing wave direct ion f o r  a d e s i g n a t e d
area may be determined by inspecting the photos.
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Con~ arisons of estimates of wave direction and wavelength (based on
radar photos with estimates from other imagery , including aerial photos
and gage records) generally show good agreement.

Although the quality of radar imagery is not as good as that of aerial
photography, it has the advantage of being available at night and during
storms. Radar also permits images of the wave field to he collected in
the time-lapse mode and is less expensive than aerial photography . Radar
images have a distinct advantage over an array of wave gages as a source
of information on wave direction because the radar image provides visual
evidence of refraction (when present) and of the relation between wave
di rect ion in the des igna ted reg ion and the surrounding area.

The radar imaging technology in determining wave direction has some
distinct restrictions to be recognized if this technique is to be prop-
erly explored.

The most fundamental limitation is the need to have ripples ~at least
1.5 centimeters in length) coexisting with more prominent wave trains to
obtain sufficient signal return. h owever , a windspeed of S knots will
generally assure sufficient ripple formation. Thus, this condition is
usua l ly sat isf ied in a growing wave field.

The resolution of commercial radars is not adequate to ensure detec-
tion of wavelengths less than about 25 meters (83 feet) corresponding to
periods of 4 seconds in deep water. However, sli ghtly shorter waves may
be distinguished on occasion . This restriction can be reduced by re-
des igning some components of the radar system.

The contrast between the appearance of the wave crest and wave
trough is greatest when the wave crest is high enough relative to the
radar antenna to shadow the following trough, but not high enough to —

shadow the following crest. For most coastal locations an antenna
elevation between 10 and 20 meters is best , although a variable antenna
he igh t could be more usefu l.

The optimum console settings vary with the ambient conditions of
wind and waves. Some allowance for this factor has been made in the
CERC system by pho tographing the display scope with a series of ranges
during each observation. A median level for the other console settings
to achieve the best imag ing in most condition s has been determined.

Rad ar images gene ra l l y  indicate long-crested waves with character-
istic s which change only slowly in time. A slight variability in inten-
s i t y  and dire ct ion i s appa ren t a long eac h c res t , but the general pattern
is usually stable.

This report has shown that hi gh- resolution imaging radar is a useful
tool in the study of waves in the coas ta l zone , and that this app roach is
more usefu l than othe r alternatives for some appl icat ions. Many years of
rese arch and development arc requi red before most of the questions on the
use of imaging radar in the study of waves can be answered.
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